ABSTRACT The relative numbers of North-seeking and South-seeking polarity types in natural populations of magnetotactic bacteria were determined at sites on the coast of Brazil. These sites were South of the geomagnetic equator and had upward geomagnetic inclinations of 1-12 0 For upward inclinations >6 0 , South-seeking cells predominated over North-seeking cells
INTRODUCTION
Magnetotactic bacteria orient and migrate along geomag netic field lines (1,2). Magnetic orientation is due to intracytoplasmic, single-magnetic-domain magnetite (Fe304) particles (magnetosomes) which are fixed in the cell. The particles are often arranged in chains and impart a permanent magnetic dipole moment to the cell (3) . There are two possible cell polarity types: one in which the North-seeking pole of the cellular magnetic dipole is forward with respect to the flagellum (polarity type N) and the other in which the South-seeking pole of the cellular magnetic dipole is forward with respect to the flagellum (polarity type S) (Fig. 1) . The former cells migrate along geomagnetic field lines parallel to the field direction, i.e., Northward, whereas the latter cells mi grate antiparallel to the geomagnetic field direction, i.e., Southward. Thus polarity type N is North seeking, polarity type S is South seeking. Because of the inclina tion of the geomagnetic field, cells will migrate upward or downward depending on their polarity and on the sign of the inclination. In the Northern hemisphere where the field is inclined downward, North-seeking cells and South seeking cells migrate downward and upward, respectively. In the Southern hemisphere where the field is inclined upward, North-seeking cells and South-seeking cells mi grate upward and downward, respectively. Downward directed motion is generally favored over upward directed motion because North-seeking cells predominate in the Northern hemisphere whereas South-seeking cells predom inate in the Southern hemisphere (4, 5) . The differential survival advantage of downward migration over upward migration is presumably related to lower oxygen tension and higher nutrient availability in the sediments com pared with the water surface.
At the geomagnetic equator the geomagnetic field is horizontal, i.e., the inclination is zero. Under these conditions there is no differential survival advantage for either polarity type and North-seeking and South-seeking bacteria coexist in the sediments (6, 7) .
Whereas the ability to synthesize Fe304 and construct magnetosomes is certainly genetically encoded, the polar ity of the magnetosome chain cannot be encoded. If a bacterium that lacks magnetosomes starts to synthesize them de novo, there is equal probability that, when the particles grow to permanent single-magnetic-domain size, the chain will magnetize with the North-seeking pole forward or with South-seeking pole forward: a population of these bacteria will consist of 1: 1 North seekers and South seekers. If however, the daughter cells inherit some of the parental magnetosomes during cell division, they will inherit the parental polarity. As they synthesize new magnetosomes at the ends of their inherited chains, the magnetic field produced by the existing particles will magnetize the new particles in the same direction. Thus North-seeking bacteria predominantly produce North seeking progeny and South-seeking bacteria produce South-seeking progeny. However, some progeny with the opposite polarity can be produced in each generation. For example, if in the cell division process, some of the daughter cells inherit no parental magnetosomes, these cells will synthesize them de novo and about one-half of those will end up with the polarity opposite to that of the parent. So in the Northern Hemisphere where North seeking bacteria predominate, some South seekers are produced in each population division. Under normal (8), is mapped onto a linear system which can be described by a set of differential equations or by an iterative procedure. Al though the model does not account for the total popula tion, both descriptions lead to the same fixed point which represents the ratio of polarity types in the population.
SURVEY OF NATURAL ENVIRONMENTS
block was rotated in the horizontal plane and the meter adjusted until both R(X) and R(-X) were zero, meaning that the axis of the probe was orthogonal to the geomag netic field and the meter was properly zeroed. Then readings along the vertical direction R(Z), and parallel and antiparallel to the horizontal component of the geomagnetic field, R(Y) and R(-Y), were made. The measurements were considered acceptable if R(Y) was equal to -R(-Y) to <0.001 Gs. Because R(X) = 0, the field strength Hg,o is given by
The inclination ,B of the geomagnetic field is given by
Samples were collected at nine sites on the Brazilian coast between the cities of Camocim, Ceara, and Natal, Rio The measured fractions of North-seeking cells in the populations at various sites are presented in Table 1 together with the magnetic field intensities and inclina tions. It can be seen that for sites with upward inclinations >60, the number of North-seeking cells is less than one-tenth the number of South-seeking cells. For upward inclinations <60, the relative numbers or North-seeking cells become appreciably greater, approaching the num ber of South-seeking cells as the inclination goes to zero. However, whereas the averaged values for samples at a given site vary smoothly with inclination for inclinations <60, there were large variations from sample to sample at the same site. This is illustrated by the data for seventeen samples from Camocim in Table 2 . This suggests that microenvironmental factors as well as gross environmen tal factors such as the geomagnetic field play a role in determining the polarity ratio. One microenvironmental factor could be texture or roughness of the sediment/ water interface on a scale that is large compared with the size of a bacterium. As shown in Fig. 2 , this could favor one or the other polarity at any point on the interface. If one randomly samples many points of the interface, the average polarity type fractions will presumably be ob tained.
We can summarize the experimental results as showing that an upward inclination of the geomagnetic field of the order of 60 is sufficient to select polarity type S over polarity type N. For upward inclinations between 0 and 60, an appreciable fraction of polarity type N exists in the populations, and can even predominate in certain microen vironments. 
THEORETICAL MODEL
We now consider a model for the effect of the geomag netic inclination on the ratio of the two magnetic polarity types in the population. The model is based on the following assumptions: (a) North-seeking (polarity type N) and South-seeking (polarity type S) cells are identical except for their polarity. In particular the division rate of the bacteria is independent of polarity type; (b) when bacteria divide, there is a probability k that they produce daughter cells with the same polarity, and probability 1-k that they produce daughter cells of the opposite polarity. k is independent of the magnetic field strength and inclination. (c) the survival probability of each polarity type is equal to the probability that it will migrate downward from the horizontal plane. If p is the probabil ity that South-seeking cells migrate downward in the Southern hemisphere, I -p is the probability that North seeking cells migrate downward. So the survival probabil ities of South-seeking and North-seeking cells are p and I-p, respectively. p is a function of the magnetic field strength H and inclination (3, 
Because South-seeking cells migrate opposite to the orientation direction of their magnetic dipole (Fig. 1) (Fig 3) . If the Z direction is taken parallel to H, and X and Y are chosen properly, the normal n to the horizontal plane is given by n = (-cosB, 0, sin,B) (3) and the equation of the horizontal plane is defined by
where r = r(sin 0 cos sin 0 sin (, cos 0) 
Discrete model
If ns and nN represent the South-seeking (S) and Northseeking (N) magnetotactic bacterial polarity type subpop ulations, respectively, of a species in a given habitat, then as a result of the differential survival probability due to the magnetic field directed motion, new subpopulation of each polarity type will result which are given by n' = (p)ns; n' = (1 -p)nN.
If we write n _ (); n' ._(s
Eq. 7 can be written in matrix form
where (12) ( 1 -p)
If we now consider the division process, then the resulting subpopulations are
and
where k is the probability that type S and type N cells give rise to type S and type N cells, respectively. 1-k is the probability that type S and type N cells give rise to type N and type S cells, respectively. The new subpopulations an be written
where (16) (2k I -) We have neglected a scaling factor of 2 which affects the total population but not the ratio of the polarity type subpopulations.
Only symmetrical sequences of operators give results which are independent of the boundary conditions, i.e., whether the subpopulations are observed before or after the last cell division. Therefore we consider symmetrical combinations of P and K, the simplest of which is PKP. This corresponds to cell division occurring in the middle of a time interval in which the bacteria are subject to the selection pressure associated with the geomagnetic field. p
If we let PKP operate on each successive population, the polarity-type subpopulation ratio after the rth iteration is The fraction of polarity type N is 1 -f. Then
and f= 1/2 for p= 1/2h (27) We have shown that a simple statistical model of a stochastic process qualitatively accounts for the dynamics of the polarity types in the bacterial population. The model is able to describe the relative populations of the two polarity types even though the total population size is not limited. That is, even if the population goes to inifinity, the relative populations go to a fixed point. This is equivalent to letting a statistical system go to the thermodynamic limit (9) . Although the dynamics have been constructed from spatially localized, linear processes, and dissipative terms have not been explicitly included, the result is distinctly nonlinear with respect to the geomagnetic field inclination. Thus even a small change in the inclination close to zero inclination leads to a large change in the relative populations of the two polarity types.
